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CONVERSION FACTORS

For readers who prefer to use metric (International System)
units, the conversion factors for the inch-pound units used in this report

are listed below:

Multiply inch-pound unit By
inch (in.) 25.4
foot (ft) 0.3048
mile (mi) 1.609
square mile (mi2) 2.590
acre-foot (acre-ft) 0.001233
acre-foot per year 0.00077
per mile
[(acre-ft/yr)/mi]
foot per mile 0.1894
(ft/mi)
gallon per minute (gal/min) 0.06309

To obtain metric unit

millimeter (mm)

meter (m)

kilometer (km)

square kilometer (km2)
cubic hectometer (hm3)

cubic hectometer per year
per kilometer
[(hm3/yr)/km]

meter per kilometer
(m/km)

liter per second (L/s)

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic

datum derived from a general adjustment of the first-order level nets of
both the United States and Canada, formerly called mean sea level.



SIMULATION OF THE GROUND-WATER FLOW SYSTEM AND PROPOSED
WITHDRAWALS IN THE NORTHERN PART OF
VEKOL VALLEY, ARIZONA
By

Kenneth J. Hollett and James R. Marie

ABSTRACT

Pursuant to the Ak-Chin Indian Community Water Rights
Settlement Act—Public Law 95-328—enacted on July 28, 1978, a study was
undertaken to assess the effect of proposed ground-water withdrawal
from Federal lands near the reservation. The first area to be evaluated
was the northern part of Vekol Valley. The evaluation was made using a
numerical model based on the detailed geohydrologic concepts developed
during the study. The numerical model, which was calibrated to steady-
state and transient ground-water conditions in the northern part of Vekol
Valley, adequately duplicated the conceptual model and was used to
estimate the effect of withdrawing approximately 174,000 acre-feet from
the system during a 25-year period. At the end of the 25-year period,
the water level was drawn down an average of about 95 feet, and about
150,500 acre-feet of water was removed from storage. The 150,500 acre-
feet of water represents 43 percent of the estimated recoverable ground
water in storage.

INTRODUCTION

The Ak-Chin Indian Community Water Rights Settlement Act—
Public Law 95-328-—enacted on July 28, 1978, directs the Secretary of the
Interior to deliver a permanent supply of 85,000 acre-ft/yr of water to
the Ak-Chin Indian Reservation no later than 25 years from the date of
the enactment. The Settlement Act further directed the Secretary of the
Interior to determine if sufficient ground water is available beneath
Federal lands near the reservation to meet the interim emergency needs of
the community. If sufficient ground water is available, a well field and a
pipeline would be constructed to deliver the emergency supply. Studies
by Wilson (1979) and Matlock (1981) indicate that at least three areas
near the Reservation—Vekol Valley, the Waterman Wash area, and the
Bosque area (fig. 1)—could supply the required ground water to the
reservation. On the basis of these studies and other available informa-
tion, the Secretary of the Interior selected Vekol Valley as the area to be
developed. The Secretary specified that a well field and pipeline capable
of delivering 30,000 acre-ft of water annually to the Ak-Chin Indian
Community be constructed. In addition 58,300 acre-ft would be delivered
annually from the Central Arizona Project (CAP). Total deliveries were
not to exceed 85,000 acre-ft annually.


















EXPLANATION 7

GENERALIZED GEOLOGIC UNITS
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Figure 3.--Geologic section A-A' representing hydrogeologic conditions along
a north-south line in the northern part of Vekol Valley.



EXPLANATION 9

GENERALIZED GEOLOGIC UNITS
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Figure 4.--Geologic section B-B' representing hydrogeologic conditions along
an east-west line in the northern part of Vekol Valley.



EXPLANATION 11

GENERALIZED GEOLOGIC UNITS
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with intercalated lens of conglomerate. Unit 4 lies on a well-consolidated
conglomerate at depths ranging from about 1,300 ft to about 1,600 ft.
The hydraulic conductivity of the conglomerate is much lower than that of
any of the upper four rock units and therefore the conglomerate
represents the base of the aquifer system modeied for purposes of this
study.

The lateral extent of the aquifer system is limited by major
blocks of faulted igneous and sedimentary rock (figs. 2, 3, and 4).
Vertical offset along these faults ranges from tens to thousands of feet.
Within the valley, faults offset the various units of the aquifer in a
stepped configuration. Units 2, 3, and 4 are bounded on all sides by
fault blocks, whereas unit 1 is continuous across the valley to the
mountain fronts, overlaps the buried fault blocks, and extends northward
out of the study area.

Ground water in unit 1 is under unconfined (water-table)
conditions, whereas ground water in units 2, 3, and 4 is under confined
conditions. Recharge enters the aquifer system through an area along
the mountain fronts and through the bottom of Vekol Wash into unit 1
(figs. 3 and 4). The ground water either moves into the deeper units or
remains in unit 1; however, in either case it moves northward through
the units to the outflow point near the Booth Hills. The regional
direction of ground-water flow, the areas of recharge along the mountain
fronts, and the area of outflow are indicated by the configuration of the
water table (fig. 5). The gradient of the water table ranges from more
than 10 ft/mi near the mountain fronts to less than 2 ft/mi along the axis
of the wvalley. The depth to the water table averages about 450 ft
throughout the study area. Differences in water levels measured within
the various units of the aquifer system were extremely small, generally
less than a foot within a large area underlying the central part of the
valley. The water table is slightly higher than the water levels in the
underlying units in the areas along the mountain fronts and along Vekol
Wash in the southern part of the valley. Water levels in the underlying
units are slightly higher than the water table in an area along the
Highway fault where water moves into unit 1 and then toward the
discharge area to the north near the Booth Hills.

The saturated thickness of each unit in the aquifer system was
determined from geologic analyses of drill-hole cores and cuttings and
borehocle-geophysical logs. The top of unit 1 is the water table. The
bottom of unit 1 is a discontinuous silty sand bed that separates unit 1
from unit 2. North of the Highway fault (fig. 3) and along the margin of
the valley (figs. 3 and 4), unit 1 lies directly on crystalline rock. The
saturated thickness of unit 1 is shown in figure 6. The saturated
thickness of unit 2 ranges from less than 50 ft along the Highway fault to
more than 700 ft in the southwestern part of the valley (fig. 7). A
north- to south-trending fault offsets the base of unit 2 (fig. 4), and the
east half of the unit is about 100 ft thinner than the west half. Unit 3
thins from a saturated thickness of about 450 ft near the Highway fault to
where it becomes extinct about 1 mi south of well V-5 (fig. 3). Unit 3
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has relatively low hydraulic conductivity, acts as a confining bed between
units 2 and 4 (fig. 3), and is about 90 ft thicker on the east side of the
valley-center fault than on the west side (fig. 4). The saturated thick-
ness of unit 4 thins from about 285 ft on the west side of the wvalley to
zero near the margin faults on the south side (figs. 3 and 4). The base
of unit 4 is the top of the underlying conglomerate.

Hydraulic conductivities for the four hydrologic units were
needed as input to the numerical ground-water flow model. In order to
calculate the hydraulic conductivities, the transmissivities for the various
units were determined from short- and long-term multiobservation well
aquifer tests at wells V-5, NV-5, NV-6, and NV-7 (fig. 5). The trans-
missivities of the units were divided by the corresponding thickness of
that wunit at various well sites for which the transmissivities were
determined. Hydraulic conductivity ranged from 35 to 50 ft/d for unit 1,
8 to 16 ft/d for unit 2, 1 to 2 ft/d for unit 3, and 5 to 6 ft/d for unit 4.

The amount of ground water that can be stored and
subsequently released from the aquifer is a function of the geologic
materials that form the aquifer framework. Average values of the storage
properties for the various units were, again, based on aquifer tests at
wells V-5, NV-=5, NV-6, and NV-7 (table 1). Estimates of storage
coefficient and specific yield are shown for unit 2. These storage
characteristics for unit 2 were needed because the proposed pumping at
the planned well field would probably draw the water table down below
the top of unit 2. If the water table were drawn down below the top of
unit 2, unit 2 would convert from confined to unconfined conditions with
a corresponding conversion from the storage coefficient to the specific
yield shown in table 1. Using the storage values from table 1 and a
water-level decline of 450 ft and considering the effect of dewatering a
unit thickness of aquifer material, the amount of ground water that would
be produced from properly constructed and developed wells in the aquifer
system is estimated to be 350,000 acre-ft.

Table 1.--Average storage properties of units 1-4 at wells
V-5, NV-5, NV-6, and NV-7

Unit Specific Storage Specific
yield coefficient storage
1 0.12 "‘"""'_'3 """""" _ '5 """’“‘"'_'6
2 10.08 2.0 x 10_- - 8.1 x 10_¢ 2.7 x 10_5
3 ==e-- 44x10_4-44x10_5 22x10_7
4  --=-- 2.0 x 10 " - 6.0 x 10 5.5 x 10

lUynit 2 converts to unconfined conditions when water level is drawn
down below the top of the unit.
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Water Budget

Recharge

Recharge is the amount of surface flow that infiltrates into the
aquifer during runoff and includes infiltration from stream channels,
along mountain fronts, and through the valley floor. Most of this
infiltration probably occurs through the colluvial deposits and the heads
of alluvial fans that cover pediments along the mountain fronts. Some
water may enter the aquifer through the bedrock composing the
mountains; however, if recharge does occur in this manner, the amount is
small.

Several factors affect the amount of recharge along the
mountain fronts; the most significant is the total amount of precipitation
falling on the mountains. The average precipitation in the northern part
of Vekol Valley is about 8 in/yr. Of this total and on the basis of a
precipitation-elevation-location relation, an estimated 5 to 10 percent
recharged the aquifer system in this part of Arizona (Water Resources
Research Center, 1980). The annual recharge from about 19,000 acres of
mountains in the study area is estimated to be 1,200 acre-ft/yr and to
range from 630 to 1,300 acre-ft/yr or about 25 to 50 (acre-ft/yr)/mi of
mountain front surrounding the valley. '

Recharge to the aquifer system also includes some runoff from
the southern part of Vekol Valley that infiltrates through the bottom
sediments of Vekol Wash after it enters the northern part of the valley.
Most of this recharge probably occurs within the first 2-mile reach after
the wash crosses the southern boundary of the study area. On the basis
of infiltration tests in the valley, recharge to the aquifer from Vekol Wash
is estimated to be 10 percent of the total recharge to the system.
Recharge contribution by the numerous small tributaries to Vekol Wash
was considered in the calculation of the mountain-front recharge.
Infiltration from direct precipitation to the valley floor was not considered
significant for purposes of this study because of high evaporation rates.

Discharge

Ground water in the study area originates as recharge, moves
from the margins toward the axis of the valley, and then moves north-
ward to a discharge point near the Booth Hills (fig. 5). in a
steady-state flow system, inflow equals outflow. In the study area the
amount of recharge (about 1,200 acre-ft/yr) to the system equals
discharge near Booth Hills. Water losses from the ground-water system
owing to evapotranspiration and spring discharge are negligible.
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Withdrawals

No significant withdrawals of ground water occurred in the
study area before ground-water exploration and aquifer testing began in
1979. About 15 domestic and livestock wells exist in the valley; however,
withdrawal from these wells probably totals less than 50 acre-ft/yr.
Withdrawal is insignificant in relation to the annual ground-water inflow
and the amount of ground water in storage. Withdrawals owing to well
drilling and aquifer testing probably did not exceed 500 acre-ft during
1979-83. The ground-water system in the study area is considered to be
in a steady-state condition.

SIMULATION OF THE GROUND-WATER FLOW SYSTEM

The objectives in the development of a numerical ground-water
flow model were threefold. The first objective was to analyze the
reliability of the conceptual model of the ground-water system. The
second objective was to evaluate and refine estimates of aquifer
characteristics. The third objective was to predict aquifer response to
proposed pumping and thus be helpful as a management tool for
evaluating the well-field design and development of the aquifer.

Technique

The simulation of the hydrologic system used a three-
dimensional, finite-difference numerical model. A numerical ground-water
flow model is a group of mathematical equations that approximate the
ground-water flow through an aquifer system as a function of the
hydraulic characteristics of the system and rates of inflow and outflow.
The method of solving these equations involves solving the finite-
difference approximations of the partial differential equations of
three-dimensional ground-water flow (Trescott, 1975; Trescott and others,
1976; Larson and Trescott, 1977; Pinder and Bredehoeft, 1968; McDonald
and Fleck, 1978; Wang and Anderson, 1982).

The model developed by McDonald and Harbaugh (1984) was
used for this study because the necessary simulative options were avail-
able and output was easily adapted to graphical display and statistical
evaluation.

Model Characteristics and Data Input

Any model is, at best, an approximation of the real hydrologic
system because all the characteristics of the actual system cannot be
included even if known. Simplifying assumptions are required to make
the model a manageable representation of the actual aquifer system.
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The following model characteristics and assumptions were used
for simulating the aquifer-flow system.

1. In order to simulate the aquifer-flow system by
finite-difference approximations, the aquifer was
divided into a network of blocks (fig. 8).
Average physical and hydraulic characteristics of
the aquifer were assigned at a point or node in
the center of each block. The aquifer was
presumed to be homogeneous and isotropic within
a given block. A variable block size was used
to produce a higher block density and con-
sequently a better resolution in areas where (a)
data density was high, (b) large variations in
aquifer stress occurred or was proposed, or (c)
large variations Iin  aquifer characteristics
occurred. Lower block densities were used near
margins of the modeled area to reduce computer

storage requirements. Variation in block size
was less than 1.5 times the size of any adjacent
block. The network of blocks was oriented

north to south in order to align with the major
ground-water flow direction.

2. The four previously described hydrogeologic
units are represented by four layers in the
model. Layer 1 represents unit 1 (figs. 3 and
4), spans the entire modeled area shown in
figure 8, and is divided into 1,851 active blocks.
Layer 2 represents unit 2, extends from the
Highway fault (fig. 2) to the south end of the
modeled area, and has 1,418 -active blocks.
Layer 3 represents unit 3, extends from the
Highway fault to an east-west line about 1 mi
south of well V-5 (fig. 5), and has 999 active
blocks. Layer 4 represents unit 4 and has the
same number of active blocks and areal extent as
layer 2. The total number of active blocks in
the three-dimensional network is 5,686.

3. Layer 1 simulates the unconfined aquifer
(unit 1). Layers 2, 3, and 4 simulates the
confined aquifers (units 2, 3, and 4). Layer 2
had the additional option of conversion to uncon-
fined conditions if the head was drawn down
below the top of layer 2.

4. Water-level contours shown in figure 5 represent
steady-state potentiometric conditions in all



layers of the aquifer system in 1983. Initial
water levels were interpolated from these
contours for each active block in the model.

All mountain-front recharge (about 1,200
acre-ft/yr) simulated in the model was
distributed to blocks in the uppermost layer
along the model boundary based on a flow-net
analysis. Infiltration of surface water to the
water table from Vekol Wash was simulated as
areal recharge in the uppermost layer of the
model (fig. 8).

All model boundaries of the ground-water flow
system (fig. 8) coincide with limits defined by
the previously discussed hydrogeologic
characteristics of the system (figs. 2, 3, 4, 6,
and 7). The lateral boundaries of all layers are
streamline (no-flow) boundaries except for the
outflow point in layer 1. The boundary at the
outflow point (fig. 8) is a constant-head
boundary during the steady-state analysis. The
constant-head boundary allowed the flux to vary
during simulation while maintaining the observed
heads constant at the outflow. During transient
analysis, the outflow point was converted to a
head-dependent flux boundary. The head-
dependent flux boundary .allowed the fluxes
determined by the steady-state analysis to
decrease as the head declined during ground-
water withdrawal. Outflow was equal to zero
when the head declined 5 ft, which is the point
at which the water-table gradient is horizontal or
zero. The bottom of layer 4 is a steamline
boundary. The uppermost boundary of the
system is a free-surface (water-table) boundary.
All boundaries were selected using the methods
discussed by Franke and others (1984).

Flow is permitted either horizontally and (or)
vertically between ali interior blocks of all
layers. Horizontal and vertical flow is governed
by the hydraulic characteristics and flow regimes
of adjacent blocks. Physical (size and shape)
characteristics of the aquifer system were not
changed after initial input.

The hydraulic characteristics determined from
aquifer tests at wells V-5, NV-5, NV-6, and
NV-7 reasonably represent the characteristics for
the modeled aquifer system.
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EXPLANATION

LINE OF EQUAL SIMULATED WATER-LEVEL
DECLINE—Interval 5 feet

BLOCK IN WHICH A WITHDRAWAL WELL WAS SIMULATED

BOUNDARY OF MODEL AREA

Figure 23
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The simulated water budget through the end of pumping period
9 indicates that 174,000 acre-ft would be removed from the valley during
the 25-year simulation period (table 5). Of that amount, about 150,500
acre-ft would come from ground-water storage, which represents about 43
percent of the total water estimated to be recoverable from storage using
available (1984) well and pump technology.

Table 5.--Model-derived water budget for simulated development
of the northern part of Vekol Valley, 1984-2009

[Values, in acre-feet]

Inflow:

Recharge from infiltration of runoff from

precipitation ....... ... i i e e 25,305
1= 7= 25,305
Outflow:
Discharge at the outflow point of the
10T T 1= O P 1,829
Withdrawals ...ttt ittt i et ittt it ienannenn 174,027
B 1+ 71 SN 175,856

Change in storage:

Outflow minus inflow ...... . ittt 150,551

MODEL EVALUATION

The aquifer system in the northern part of Vekol Valley is
principally a series of nearly flat-lying aquifers confined at the margins
by impermeable rocks. Large quantities of water are held in storage and
comparatively small quantities flow in and flow out of the aquifer system.
Results of the steady- and transient-state simulations indicate that
magnitude and distribution of ground-water transmission and storage
properties of the aquifers control the flow of water through the aquifer
and the release of water from storage. The model results also indicate
that the simulated response was comparable to the observed response of
the aquifer during the 23-day aquifer test. Simulated and observed
responses were compared to provide a basis to estimate future drawdown
from the proposed well field. The 23-day aquifer test was the only
historic stress of significant magnitude that could be used to calibrate
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and verify the transient simulation of the aquifer system. Calibration of
the steady- and transient-state conditions indicate that the model could
provide reasonable estimates of maximum drawdown for proposed pumping
plans.

The predictive accuracy of most ground-water flow models is
directly proportional to the magnitude and duration of pumping or stress
imposed during transient calibration (Durbin, 1978, p. 35). Mercer and
Faust (1981) quantify the predictive capability of models by indicating
that predictions should not be made for more than twice the period used
during calibration. Although the simulation of proposed drawdown in this
analysis far exceeds limits of predictive accuracy suggested by Durbin
(1978) and Mercer and Faust (1981), the simulation of proposed with-
drawal was needed to evaluate the practicability of the well field and no
other method of evaluating the long-term effects of pumping the well field
would be as reliable nor practical. A long-term projection based on
short-term calibration is risky; however, the following factors may serve
to reduce that risk.

1. Proposed withdrawal of ground water was
primarily from storage. Recharge accounted for
only about 13 percent of the total ground water
withdrawn during the 25-year simulation.

2. A drain boundary was selected for the system at
the outflow point to reduce flow out of the model
to zero when the heads in the outflow model
blocks were drawn down to a flat or zero
gradient. At zero gradient, the drain boundary
became a streamline (no-flow) boundary and
drawdown  throughout the model area was
maximized for the duration of the predictive
simulation.

3. The boundary conditions were significantly well
defined to simulate the maximum amount of water
removed from storage as a result of the proposed
withdrawals.

SUMMARY

Pursuant to the Ak-Chin Indian Community Water Rights
Settlement Act—Public Law 95-328—enacted on July 28, 1978, a study was
undertaken to assess the effects of proposed ground-water withdrawals
from Federal lands near the reservation. The first area to be evaluated
was the northern part of Vekol Valley. This study was accomplished
using a numerical model to simulate the ground-water flow system in the
valley. The model was constrained by a detailed conceptual gechydrologic
model of the aquifer system.
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The aquifer system consists of four definable units—termed
layers for modeling purposes—that store and transmit ground water within
and through the system. The aquifer system is bounded along the
margins and the bottom by - essentially impermeable crystalline rock.
Ground water in the upper unit of the aquifer system is under unconfined
conditions, whereas ground water in the lower three units is under
confined conditions. Recharge enters the aquifer system along the
margins of the valley and through the major streambeds, moves toward
the axis of the valley, and discharges as underflow at the north end of
the valley. The recharge averages about 1,200 acre-ft/yr, ranges from
about 630 to 1,300 acre-ft/yr, and is distributed, for purposes of
modeling the system, at a rate of about 25 to 50 (acre-ft/yr)/mi of
mountain front surrounding the valley. Less than 10 percent of the
recharge enters through stream channels. The water-table gradient
ranges from 5 ft/mi over most of the valley to about 20 ft/mi along the
margins.

Withdrawals from the northern part of Vekol Valley have been
minimal. The ground-water flow system in the valley is in an
undisturbed (or natural) steady-state condition where inflow equals
outflow. The amount of ground water that can be recovered from storage
within the aquifer system is estimated to be 350,000 acre-ft. This volume
of water far exceeds the annual flux (about 1,200 acre-ft) of
ground-water that moves through the system.

A numerical model that depicts the aquifer system underlying
the northern part of Vekol Valley was constructed using known and
assumed  aquifer characteristics, geology, water levels, and a
conceptualized flow system. The model was then calibrated using
observed water-level responses caused by pumping during aquifer
testing. The calibrated model was used to estimate drawdowns for a
proposed 25-year pumping plan that was designed to provide the needed
water to supply the Ak-Chin Indian Community from the year 1984 to
2009. Model projections indicate that of the 174,000 acre-ft withdrawn
from the valley during the 25-year simulation period, 150,500 acre-ft
would come from storage and would cause the water table to decline an
average of about 95 ft. The 150,500 acre-ft represents a depletion of
about 43 percent of estimated recoverable ground water in storage.
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